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Description
BACKGROUND OF THE INVENTION

[0001] Ingenerating a complete digital model of a mul-
tidimensional object, such as a varied geographic terrain,
itis necessary to combine several overlapping range im-
ages (also known as frames or volumes of data points)
taken from different perspectives. The frames are pieced
together using a process known as registration to pro-
duce a multidimensional model of the object. In a regis-
tration process the required translation and rotation of
the different frames is determined. This process uses six
parameters: Ax, Ay, Az, Aw , Ak , and A¢, where the first
three parameters relate to the translation of the respec-
tive x, y, and z coordinates and the second three param-
eters, each relate to rotation on each of the three respec-
tive x, y, and z axes. Known methods of registering
frames comprising large numbers of data points from dif-
ferentand overlapping perspectives of an object are com-
putationally intensive and hence time consuming. How-
ever, many applications of the registration technology
require a fast response from the time that the frames are
acquired. Therefore, there is a need for a faster and more
robust system for registering multidimensional data
points.

[0002] Known methods of topographical point collec-
tion include imaging Laser RADAR (LIDAR) and IFSAR
(Interferometric Synthetic Aperture Radar). Referring to
FIG. 1, there is shown an example of an airborne LIDAR
system 100. The system 100 comprises a LIDAR instru-
ment 102 mounted on the bottom of an aircraft 104. Below
the aircraft is an area comprising a ground surface par-
tially obscured by a canopy formed by trees and other
foliage obstructing the view of the ground (earth) from an
aerial view. The LIDAR instrument 102 emits a plurality
of laser light pulses which are directed toward the ground.
The instrument 102 comprises a sensor 103 that detects
the reflections/scattering of the pulses. The LIDAR in-
strument 102 provides data including elevation versus
position information from a single image. It should be
noted however, that multiple frames or portions of the
area from different perspectives are used to generate the
image. The tree canopy overlying the terrain also results
in significant obscuration of targets (e.g. tank 106) under
the tree canopy. The points received by the sensor 103
of instrument 102 from the ground and the target 106 are
thus sparse. Hence, a robust system for processing the
points is required in order to generate an accurate three-
dimensional image. Moreover, to be of the most tactical
and strategic value, an image of the ground wherein the
target 106 can be perceived easily must be available
quickly.

[0003] Document XP002529640, NISHINO K ET AL:
"Robust simultaneous registration of multiple range im-
ages" PROCEEDINGS OF THE FIFTH ASIAN CON-
FERENCE ON COMPUTER VISION ASIAN FEDERA-
TION OF COMPUTER VISION SOC CLAYTON, VIC.,
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AUSTRALIA, discloses an approach to registration of
multiple point cloud range images. The approach is
based on simultaneous strategy, using points as match-
ing units and using point-to-point distance metric. The
framework disclosed therein designed not to use sec-
ondary information, such as surface metrics.

SUMMARY OF THE INVENTION

[0004] According to an embodiment of the invention a
method for registering multi-dimensional topographical
data points comprises steps of: receiving a plurality of
digital elevation model points representing a plurality of
overlapping frames of a geographical area; finding for
each of aplurality of points in afirstframe a corresponding
closest point in a plurality of subsequent frames; deter-
mining a rotation and translation transformation for each
frame; determining a cost for performing each rotation
and translation transformation; and iterating the above
process for additional frames for a number of times or
until an abort criterion is reached to optimize the cost of
registering the frames. The above-described method can
also be carried out by a specialized or programmable
information processing system or as a set of instructions
in a computer-readable medium such as a CD ROM or
DVD or the like.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005]

FIG. 1is adepiction of an airborne LIDAR instrument
for processing images of a tree-covered terrain con-
cealing a target.

FIG. 2 is a high level block diagram showing an in-
formation processing system according to an em-
bodiment of the invention.

FIG. 3is atwo-dimensional set of points representing
a surface for one frame such as a frame of LIDAR
points.

FIG. 4 is a depiction of a k-D tree used to search for
the closest points.

FIG. 5 is a graph of a plurality of points illustrating
the benefit of statistical distance versus Euclidean
distance.

DETAILED DESCRIPTION

[0006] Referring to FIG. 2, there is shown high level
block diagram showing an information processing sys-
tem 200 using an embodiment of the invention. The sys-
tem 200 comprises a source 202 of topographical data
points. These points are preferably a plurality of three-
dimensional (3D) topographical point values provided by
a LIDAR instrument 102 as discussed with respect to
FIG. 1.

[0007] The LIDAR instrument 202 creates a plurality
of frames (or volumes) of images of points in a conven-
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tionalmanner. Each frame comprises the points collected
by the sensor 103 over a given period of time (an expo-
sure) as the aircraft 104 moves over a terrain. In the pre-
ferred embodiment, this time period is one-third of a sec-
ond and, with current instruments, that exposure results
in collection of hundreds of thousands of points by the
LIDAR sensor 103. Each pointis defined by a set of three-
dimensional coordinates (x, y, z).

[0008] One way that the present system improves on
the performance of the prior art is, at least in part, by
using only data points representing the ground surface
and a target 106 (if present) and not the obstructions at
a height greater than a predetermined threshold (such
as six feet) above the ground. Using only the ground
points greatly reduces the number of points that are to
be down-linked and processed and thus reduces the time
required to produce a model of the terrain.

[0009] Thedata provided by the LIDAR instrument 102
may comprise an effect known as ringing (or corona ef-
fect). Ringingis caused by scattering of the light produced
by a target area that causes a false return. A ringing re-
moval filter (circuitry or program logic) 204 is used for
filtering the received 3D topographical points to remove
the ringing. Not all topographical data includes ringing.
Therefore, the filter 204 is not always required. The ring-
ing is removed by ignoring all data beyond a selected
azimuth setting, thus eliminating any false images. The
selection of the azimuth is governed by statistical data
or determined heuristically. The use of the ringing remov-
al filter 204 in system 200 increases the signal to noise
ratio at the output of the filter 204. The details of an ex-
ample of a ringing filter are discussed in a patent appli-
cation being filed concurrently herewith under the docket
number GCSD-1526.

[0010] The outputprovided by the ringing noise remov-
alfilter 204 is received at a ground finder 206. The ground
finder 206 is used for finding a ground surface using the
plurality of raw topographical points (e.g., from the LIDAR
instrument 102) and their coordinates and providing a
plurality of ground points representing a plurality of
frames representing patches of the ground surface and
the target 106. The ground finder 206 finds the ground
by extracting ground points from its input and filtering out
above-ground obstruction points such as those from the
top of the trees. As expected, the number of LIDAR puls-
es that reach the ground through the trees and other fo-
liage is much smaller than those emitted by the LIDAR
source (or emitter). Therefore, the points of light from the
ground (ground points) detected at the LIDAR sensor is
commensurately smaller than the total number received
from the totality of the terrain below the aircraft 104.
[0011] The ground finder 206 thus extracts a ground
surface shell (a set of points defining a three-dimensional
surface) from the topographical data provided at the out-
put of the ringing removal filter 204. The output of the
ground finder 206 comprises a set of data representing
a ground surface thatincludes the target 106. The ground
points are determined by isolating them from the above-
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ground obstructions provided by the trees and other fo-
liage.

[0012] The ground finder 206 also operates to make
sure that the ground is continuous so that there are no
large changes in the topography. This is accomplished
by creating a two-dimensional (2D) grid for the ground
surface and determining the height of the ground at each
grid component. Each grid component preferably repre-
sents a square part of the ground that is one meter on
each side. Once this data is collected for the entire grid,
the ground finder 206 eliminates points that appear to be
out of place or which are based on insufficient data. The
decision on which points to eliminate is based on artifacts
programmed into the ground finder 206. The ground find-
er 206 is further programmed to ignore any points higher
than a predetermined height (e.g., the height of a person,
such as six feet) when calculating the contour of the
ground surface. The predetermined height is determined
by rule-based statistics. That is done to eliminate any
structures that are not likely to be part of the ground.
Thus, the output of the ground finder 206 provides a more
faithful representation of the actual ground surface than
systems using the treetop data.

[0013] The output of the ground finder 206 is provided
to a competitive filter 208. The competitive filter 208 is
used to work on ground surface data (ground points) pro-
vided by the ground finder 206. The ground points are
filtered using the competitive filter to obtain a 3D shell of
digital elevation model (DEM) points. The competitive
filter 208 filters ground surface data not tied to geospatial
coordinates such as the data collected by the LIDAR in-
strument 202. The filter 208 works by performing a pol-
ynomial fit of predetermined order for each frame of
points. This is done by determining which polynomial best
represents the set of points in the frame. One example
is a first order polynomial (a tilted plane) and the other is
a numeric average (zero order). In the preferred embod-
iment, the average and the tilted plane (respectively, zero
and first order polynomials) compete for the best fit in
any given frame of points. Other embodiments may utilize
higher order polynomials. A method for fitting polynomi-
als in frames is discussed in United States Patent Appli-
cation, Serial Number 09/827,305, the disclosure of
which is hereby incorporated herein by reference in its
entirety.

[0014] Thus, for every frame of points the filter 208
determines a tilted plane that fits the points in that frame.
Each frame is a micro frame that covers a patch consti-
tuting a small portion of the total area produced by reg-
istration. The output of the competitive filter 208 is a con-
tour comprising a plurality of (e.g., thirty) planes, one for
each frame acquired. An optimal estimate of the ground
surface allows for obscuration by the trees and foliage
to produce an image of a partially obscured target. Once
each frame is processed by the filter 208 the output is a
set of unregistered DEM surfaces. In this embodiment
each surface is a ground surface; however it should be
appreciated that the method and system of the invention
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can be used on any surface of a target object.

[0015] The data produced by the competitive filter 208
DEM is not suitable for rendering an image that is useful
toauser of the system 200. To produce a viewable image
we must first complete a registration process. In the pre-
ferred embodiment the registration is performed by an
iterative process performed by blocks 210 (a registration
engine) and 212 (a rigid transform engine). In this em-
bodiment, to obtain a 3D representation of the ground
surface, several sets of data (frames) are automatically
pieced together to create an image of an entire target
area or surface. Each set of data (or frame) is taken from
a different perspective providing a different view of the
surface features. Registration determines the relative po-
sitions of each of the points representing the surface as
the sensor 103 moves over that surface. Thus different
views of the surface area are aligned with each other by
performing a translation and rotation of each frame to fit
an adjacent frame or frames.

[0016] Block 210 aligns points in adjacent frames. It
does this by finding in a second frame the closest point
for each of a plurality of points in a first frame. Once the
closest point is found the points are aligned such that the
frames make a good fit representing the registered model
or image. This is known as a pair wise process. Each
iteration of the process produces a better fit and the proc-
ess continues until an optimum alignment is realized.
This is accomplished by determining a computation cost
associated with each rotation and translation of each
frame to fit other frames. Using the information (matches
between adjacent frames) collected in each iteration,
subsequentiterations correct the alignment until an abort
criterion is reached. This criterion can be the completion
of a number of iterations or the accomplishment of a pre-
determined goal. In this embodiment, we perform the
closest pointsearch for each pointin afirstframe to locate
closest points in more than one other frame by entering
observations from each iteration into a matrix and then
solving the matrix at once so that all transformations are
performed substantially simultaneously (i.e., an n-wise
process).

[0017] Block 212 receives information on the align-
ment of points produced at block 210 during each itera-
tion. Processor logic in block 212 uses the information
provided by block 210 to determine transforms (i.e., an-
gles and displacements) for each frame as they are fitted
together. The output of block 212 is thus a set of angles
and displacements (Ax, Ay, Az, Ao , Ax , and Ao) for the
frames to be pieced together.

[0018] Theframeintegrator block 214 receives the out-
put of the rigid transform block 212 and integrates all of
the DEM points produced by the competitive filter 208
according to the rigid transform information.

[0019] In the preferred embodiment the iterative proc-
ess is repeated several (e.g., five) times to determine an
optimum rotation and translation for the frames. We pref-
erably use the algorithm presented in J.A. Williams and
M. Bennamoun, "Simultaneous Registration of Multiple
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Point Sets Using Orthonormal Matrices" Proc. IEEE Int.
Conf. on Acoustics, Speech and Signal Processing
(ICASSP Jun. 2000) at pp. 2199 - 2202, the disclosure
of which is hereby incorporated herein by reference.
[0020] The iterated transformations discussed above
are performed at block 212. Each transformation is arigid
transformation. A transform is said to be rigid if it pre-
serves the distances between corresponding points.
[0021] In the frame integrator block 214, integration of
the registered volumes produced by block 212 is per-
formed and the result is cropped to a size and shape
suitable for presentation and then it is visually exploited
at block 216 to show the structure of the target. The result
is a 3D model thatis displayed quickly. In the embodiment
discussed herein a target such as the tank 106 hidden
under the treetops as shown in FIG. 1 is depicted without
the obscuring effect of the canopy of trees over the tank
106.

[0022] As discussed above, the speed of the registra-
tion process is critical in many applications such a locat-
ing a hidden target such as a tank 106 in a combat en-
vironment. One way to speed up the process is to improve
the speed of the search for corresponding points from
frame to frame. This can be accomplished by using any
of several well-known k-D tree algorithms. Thus, the data
points from each frame are mapped into a tree structure
such that the entire set of points in an adjacent frame do
not have to be searched to find the closest point for a
given point in a first frame. An example of a k-D tree
algorithm is found at the web site located at http:

/lwww.rolemaker.dk/ nonRoleMaker/uni/ algogem/
kdtree.htm.
[0023] Referring to FIG. 3, there is shown a set of

points (P1 - P10) representing a surface for one frame
such as a frame of LIDAR points. At each step, the region
is split into two regions, each region containing half of
the points. This process is repeated until each point is in
its own region by itself. As an example, if one starts with
8 points and is looking for a particular point, cut it down
to four points by querying which half it is located in, then
down to two, and finally to one. This was just three steps,
which is easier than asking all eight points. The difference
is specially huge the more points there are. If there are
256 points, one can usually find a point in eight tries in-
stead of 256.

[0024] The registration engine 210 generates lines L1-
L8. These lines are used to build the k-D tree and shown
in FIG. 4. The k-D tree is created by recursively dividing
the points P1-P10 in x and y directions. In the k-D tree
each line of FIG. 3 is represented by a node (circles) and
each point (rectangle) is connected to a node. The tree
is used to reduce the searching time required to find the
point closestto any given point. For example, if searching
for the point closest to P10, one would traverse node L1
to L3, and then to L7 and consider only point P9 and not
P1. Note that this example is 2D, but our application uses
3D points.

[0025] FIG. 5 is a graph of a plurality of points illustrat-
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ing the benefit of statistical distance versus Euclidean
distance. Points shown as Os are from a LIDAR-pro-
duced frame A and points shown as Xs are from a LIDAR-
produced frame B. Assume that these frames or volumes
are overlapping. We do not know ab initio which points
in frame A align with which points in frame B. We begin
by comparing the coordinates for each pair of points to
be aligned. For any given point in frame A we consider
other points within an area in frame B. The distances
between any given pair of points is represented as circles
or ellipses. The circles represent Euclidean distances
and the ellipses represent the Mahalanobis distances.
The quantity r in the equation

L = (x-mg) c;l(x.mx) is called the Mahalano-

bis distance from the feature vector x to the mean vector
mx, where Cx is the covariance matrix for x. It can be
shown that the surfaces on which r is constant are ellip-
soids that are centered about the mean m,. The Maha-
lanobis distance is used to align points up and down (i.e.,
along the z axis). This process recognizes the observed
fact that points appear farther in the z direction than they
actually are. By aligning points using the elliptical areas
to locate corresponding points in other frames we
achieve a more accurate model than by merely using
Euclidean distances represented by the circles.

Claims

1. A system (200) for registering a set of frames of 3-
dimensional digital elevation model points which in-
clude both ground points representing a 3-dimen-
sional surface and obstruction points which repre-
sent an obstruction lying above the 3-dimensional
surface and are positionally interspersed among the
ground points, the system comprising:

aground finder (206) for isolating the obstruction
points from the ground points;

a competitive filter (208) for obtaining a ground
surface shell from a plurality of ground points
provided by said ground finder, said ground sur-
face shell including a representation of each re-
spective one of said frames;

aregistration engine coupled to said competitive
filter for finding for each point in a first frame a
corresponding closest point in each of a plurality
of subsequent frames of said ground surface
shell;

a processor for determining a rotation and trans-
lation transformation for each of the plurality of
subsequent frames and for determining a cost
for performing each rotation and translation
transformation; and

a logic routine for repeating the determinations
of rotation and translation and cost of additional
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frames until an abort criterion is reached.

2. The system (200) of claim 1, further comprising logic
for applying arigid transform to the frames using cost
determined by the processor.

3. The system (200) of claim 1, further comprising a k-
D tree representing the points of each frame for
searching in the subsequent frames for the point
closest to each of the points in the first frame.

4. The system (200) of claim 1, further comprising a
frame integrator (214) for integrating the frames to
provide an integrated surface representing the multi
dimensional object.

5. The system (200) of claim 1, further comprising a
display for displaying the multi dimensional object.

Patentanspriiche

1. System (200) zum Registrieren eines Rahmensat-
zes von 3-dimensionalen digitalen Héhenlinienmo-
dellpunkten, welche sowohl eine 3-dimensionale
Oberflache abbildende Bodenpunkte als auch Hin-
dernispunkte umfassen, die ein Hindernis abbilden,
das sich auf der 3-dimensionalen Oberflache befin-
det und zwischen den Bodenpunkten liegt, wobei
das System umfasst:

- einen Bodenfinder (206) zum Isolieren der Hin-
dernispunkte von den Bodenpunkten;

- einen Konkurrenzfilter (208) zum Erhalten ei-
ner Bodenoberflaiche aus einer Vielzahl von
dem Bodenfinder bereitgestellten Bodenpunk-
ten, wobei die Bodenoberflache eine Abbildung
jedes einzelnen Rahmens umfasst;

- eine mit dem KonkurrenZzfilter verbundene Re-
gistrierungs-Maschine zum Auffinden jedes
Punktes in einem ersten Rahmen eines entspre-
chenden nachsten Punktes in jedem einer Viel-
zahl nachfolgender Rahmen der Bodenoberfla-
che;

- einen Prozessor zum Bestimmen einer Rota-
tions- und Translationstransformation fiir jeden
der Vielzahl nachfolgender Rahmen, und zum
Bestimmen des Aufwands zum Durchfiihren je-
der Rotations- und Translationstransformation;
und

- ein Logikprogramm zum Wiederholen der Be-
stimmungen der Rotation und Translation und
des Aufwands zuséatzlicher Rahmen bis ein Ab-
bruchkriterium erreicht ist.

2. System (200) nach Anspruch 1, weiter umfassend
eine Logik zum Anlegen einer starren Transformati-
on an die Rahmen unter Verwendung des durch den
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Prozessor bestimmten Aufwands.

System (200) nach Anspruch 1, weiter umfassend
einen k-D-Baum, der die Punkte jedes Rahmens ab-
bildet, um nach dem Punkt in den nachfolgenden
Rahmen zu suchen, der jedem der Punkte in dem
ersten Rahmen am néchsten ist.

System (200) nach Anspruch 1, weiter umfassend
einen Rahmenintegrierer (214) zum Integrieren der
Rahmen, um eine integrierte Oberflache bereitzu-
stellen, die das mehrdimensionale Objekt abbildet.

System (200) nach Anspruch 1, weiter umfassend
eine Anzeigeeinrichtung zum Darstellen des mehr-
dimensionalen Objekts.

Revendications

Systéme (200) pour enregistrer un ensemble de tra-
mes de points d’'un modele numérique en élévation
tridimensionnel qui incluent a la fois des points de
sol représentant une surface tridimensionnelle et
des points d’obstacle qui représentent un obstacle
situé au-dessus de la surface tridimensionnelle et
sont positionnellement dispersés parmiles points de
sol, le systéeme comprenant :

un chercheur de sol (206) pour isoler les points
d’obstacle des points de sol ;

un filtre concurrentiel (208) pour obtenir une en-
veloppe de surface de sol a partir d’'une pluralité
de points de sol fournis par ledit chercheur de
sol, ladite enveloppe de surface de sol incluant
une représentation de chacune respective des-
dites trames ;

un moteur d’enregistrement couplé audit filtre
concurrentiel pour trouver pour chaque point
dans une premiére trame un point le plus proche
correspondant dans chacune d’une pluralité de
trames subséquentes de ladite enveloppe de
surface de sol ;

un processeur pour déterminer une transforma-
tion par rotation et translation pour chacune de
la pluralité de trames subséquentes et pour dé-
terminer un co(t d’exécution de chaque trans-
formation par rotation et translation ; et

une routine logique pour répéter les détermina-
tions de rotation et de translation et de coit de
trames additionnelles jusqu’a ce qu’un critere
d’annulation soit atteint.

Systéme (200) selon la revendication 1, comprenant
en outre une logique pour appliquer une transforma-
tion rigide aux trames en utilisant le co(t déterminé
par le processeur.
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3.

Systéme (200) selon la revendication 1, comprenant
enoutre un arbre k-D représentant les points de cha-
que trame pour rechercher dans les trames subsé-
quentes le point le plus proche de chacun des points
dans la premiére trame.

Systéme (200) selon la revendication 1, comprenant
en outre un intégrateur de trames (214) pour intégrer
les trames pour fournir une surface intégrée repré-
sentant I'objet multidimensionnel.

Systéme (200) selon la revendication 1, comprenant
en outre un affichage pour afficher I'objet multidi-
mensionnel.
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